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Singapore; and Forchheim, Germany
O B J E C T I V E S This study sought to describe a protocol for myocardial perfusion imaging using
dipyridamole stress, with 128-slice dual-source computed tomography (CT), and to assess the ability of
CT myocardial perfusion imaging (MPI) to detect abnormal ﬂow reserve and infarction in comparison
with nuclear MPI (NMPI).
B A C KG ROUND CT MPI has not been previously described with the 128-slice dual-source CT
scanner, or with the complete evaluation of dynamic time-attenuation curves of the myocardium.
METHOD S Thirty-ﬁve patients underwent a stress CT MPI protocol. Complete time-attenuation
curves of the myocardium were acquired using a novel scan mode, which acquires prospectively
electrocardiogram (ECG)-triggered axial images at 2 rapidly alternating positions. Myocardial blood ﬂow
(MBF) values of ﬁxed and reversible defects obtained were compared between rest and stress. Findings
on CT MPI were correlated to NMPI. Perfusion defects detected on CT were correlated to coronary
stenoses detected on CT angiography (CTA) and invasive coronary angiography (ICA).
R E S U L T S There was a 1.5-fold difference between stress (1.21  0.31 cc/cc/min) and rest (0.82 
0.22 cc/cc/min) MBF in normal tissue. In reversible defects, MBF was 0.65  0.21 cc/cc/min and 0.63 
0.18 cc/cc/min at stress and rest, respectively. In ﬁxed defects, the MBF was 0.57  0.22 cc/cc/min at
stress and 0.54  0.23 cc/cc/min at rest. Sensitivity, speciﬁcity, positive predictive value (PPV), and
negative predictive value (NPV) of CT MPI for identifying segments with perfusion defects was 0.83, 0.78,
0.79, and 0.82, respectively. ICA results were available for 30 patients. Sensitivity, speciﬁcity, PPV, and
NPV of CT MPI compared with ICA were 0.95, 0.65, 0.78, and 0.79, respectively. The radiation dose for CT
MPI was 9.15  1.32 mSv for the stress scan and 9.09  1.40 mSv for the rest scan.
CONC L U S I O N S Vasodilator-stress CT MPI may be feasible in human subjects at a radiation dose
similar to NMPI. It identiﬁes areas of abnormal ﬂow reserve and infarction with a high degree of
correlation to NMPI as well as to stenoses detected in CTA and ICA. (J Am Coll Cardiol Img 2010;3:
811–20) © 2010 by the American College of Cardiology Foundation
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812omputed tomography (CT) allows noninva-
sive assessment of coronary stenoses with a
high negative predictive value (NPV) (1,2).
Beyond detection of coronary morphology,
n ideal evaluative approach to coronary artery disease
CAD) would also include functional data about
schemia and infarction (3–5). To date, there are few
ata regarding CT imaging of myocardial perfusion,
esides early experiences with electron beam CT (6).
tudies conducted in humans were limited to static
See page 821
maging of contrast distribution at 1 time point.
hey aimed either at demonstrating myocardial
nfarction (MI) at rest only (7,8), or compared static
mages at stress and rest (9,10). Static imaging lacks
quantitative perfusion data such as blood
flow and blood volume. Initial reports on
dynamic CT myocardial perfusion imag-
ing (MPI) that have evaluated flow have
been limited to animal studies (11,12).
In light of these observations, we describe
our initial experience with imaging of abnor-
mal flow reserve and infarction with dynamic
CT MPI, and compare it with nuclear myo-
cardial perfusion imaging (NMPI).
The purpose of this study was 2-fold: 1) to
describe a protocol for MPI using dipyri-
damole stress with a dual-source CT scan-
ner; and 2) to assess the ability of stress CT
MPI to detect abnormal flow reserve and
infarction in comparison to the reference
standard of dipyridamole-stress nuclear per-
fusion imaging.
E T H O D S
atient population. All procedures were approved by
he Domain Specific Review Boards of the National
ealthcare Group, Singapore. Study subjects gave
nformed consent to participate.
Patients were eligible for the study if they had
ither fixed or reversible defects on a nuclear
tress test within 3 months of the recruitment.
atients were screened for contraindications to
ardiac CT and vasodilator administration. These
ere allergy to iodinated contrast, abnormal renal
unction (serum creatinine 200 mol/l and not
n renal dialysis), inability to follow breath-hold
nstructions, a history of active asthma or severe
bstructive lung disease, second- (Mobitz Type
se
hy
w
alue
lue
veI) or third-degree AV block without a function- cng pacemaker, atrial fibrillation, an acute MI
within 48 h), unstable coronary syndrome, and
ystolic blood pressure 90 mm Hg.
atient preparation. Patients abstained from caffeine
or 12 h and from methylxanthine-containing prod-
cts, oral dipyridamole, theophylline, and beta-
lockers for 24 h before stress testing. An 18-gauge
enula was inserted into the right antecubital vein
or stress agent and contrast administration. For the
erfusion scan, patients were instructed to hold
heir breath for 30 s. They were asked to exhale
ently over a few seconds and not abruptly, if unable
o maintain the breath hold. All patients were
bserved for an hour after the study.
tress protocol. Dipyridamole was infused intrave-
ously at a dose of 0.56 mg/kg body weight over 4
in. Once image acquisition was completed, intra-
enous aminophylline (1.5 mg/kg body weight) was
dministered over 5 min to reverse the effects of
ipyridamole (13).
T perfusion imaging. Dynamic CT perfusion im-
ging requires the entire myocardium to be imaged
epeatedly over time. This was achieved using a
ovel electrocardiogram (ECG)-triggered dynamic
erfusion scan mode, which became available with
he most recent dual-source CT scanner (Somatom
efinition Flash, Siemens Healthcare, Forchheim,
ermany). The technique allows acquisition of
omplete time-attenuation curves (TAC) of the
orta and left ventricular myocardium (Fig. 1).
xial shuttle scan mode. The scanner rapidly alter-
ates between 2 table positions and acquires pro-
pectively ECG-triggered axial images at these 2
ositions. Alternating between 2 table positions
sing a detector width of 38.4 mm with an overlap
f 10% yields a coverage of 73 mm. For heart rates
elow 63 beats/min, the 2 table positions are
maged in consecutive heart beats. The resulting
ampling rate is 1 full scan every 2 heart beats, and
scan every 4 heart beats for heart rates exceeding
3 beats/min.
can parameters. Data acquisition lasted 30 s. Gan-
ry rotation time was 285 ms, slice collimation
28  0.6 mm, tube voltage 100 kV for both X-ray
ubes, and the total tube current-time product was
00 mAs/rot. Image acquisition was ECG-
riggered at end-systole, 200 ms after the R-wave.
mage acquisition. Contrast agent (Ultravist 370,
ayer Schering Pharma, Berlin, Germany) was
armed to body temperature in order to decrease
iscosity. Patients received a detailed explanation of
he imaging procedure and the breath-holdB B R E V I A T I O N S
N D A C R O N YM S
AD coronary artery disea
T computed tomography
TA computed tomograp
ngiography
CG electrocardiogram
CA invasive coronary
ngiography
BFmyocardial blood flo
PImyocardial perfusion
maging
MPI nuclear myocardial
erfusion imaging
PV negative predictive v
PV positive predictive vaommands.
T
w
a
o
i
i
s
c
t
i
w
i
r
m
s
p
i
c
e
a
l
t
w
T
m
d
c
I
y
c
t
d
i
f
c
p
t
o
s
C
b
c
u
a
C
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 3 , N O . 8 , 2 0 1 0
A U G U S T 2 0 1 0 : 8 1 1 – 2 0
Ho et al.
CT Dynamic Myocardial Perfusion Imaging
813The dipyridamole infusion was commenced.
hree minutes after the infusion, a test bolus scan
as acquired at the level of the mid-left ventricle
fter injection of 18 cc of contrast, followed by 50 cc
f saline. Immediately thereafter, stress perfusion
mages of the myocardium were acquired with
njection of 50 cc of contrast, followed by 50 cc of
aline. The scan commenced 4 s before arrival of
ontrast in the left ventricle; timing was based on
he TAC from the test bolus scan.
After the stress scan, aminophylline was admin-
stered intravenously over 5 min. Fifteen minutes
ere allowed to elapse for the effects of the dipyr-
damole to be reversed and for the heart rate to
eturn to the baseline. If the heart rate differed by
ore than 20% from that during the stress scan, a
econd test bolus scan was acquired. Next, rest
erfusion images were acquired with the same
njection protocol as the stress scan. Thereafter, a
oronary CT angiography (CTA) dataset of the
ntire heart and, if present, bypass grafts was
cquired after injection of 60 cc of contrast, fol-
owed by 60 cc of saline. A prospectively ECG-
riggered axial image acquisition mode was used,
Figure 1. Dynamic CT MPI TACs and Snapshot Images
The graph shows typical time-attenuation curves (TACs) acquired b
(MPI), and 2 snapshot images of the same mid-ventricular slice, cor
(I) in the graph represents the TAC in normal tissue, the gray curve
ascending aorta. Image (A) was taken at the time point indicated b
line (b). The variation between the images emphasizes the difﬁcult
defect. HU  Hounsﬁeld unit.ith 100-kV tube voltage and 370 reference mAs. che scan was timed to take place during the
aximum attenuation seen in the TAC in the aorta
uring the rest perfusion scan. Flow rate for all
ontrast and saline injections was 6 cc/s.
mage reconstruction. Each stress or rest scan
ielded 10 to 15 3-dimensional volume datasets,
ontaining the TACs for each individual voxel of
he entire myocardium.
A dedicated reconstruction algorithm for myocar-
ial perfusion (14) automatically generated each CT
mage from low spatial frequency components from a
ull rotation reconstruction and high spatial frequency
omponents from a cardiac reconstruction. This ap-
roach yielded images with a high temporal resolu-
ion, while maintaining CT value stability (15).
Images were reconstructed with a slice thickness
f 3 mm, an increment of 2 mm, and a medium
mooth kernel (B25).
omputation of myocardial blood ﬂow. Myocardial
lood flow (MBF) was computed from the TACs
ontained in the 4-dimensional volume datasets
sing a prototype version of now commercially
vailable software (syngo VolumePerfusion-
T-Myocardium, Siemens), installed on a commer-
namic computed tomography (CT) myocardial perfusion imaging
onding to different time points of CT MPI scan. The yellow curve
that of infarcted area. The red curve (III) is the TAC of the
e (a) in the graph. Image (B) was taken 6 s later, as indicated by
timing a static scan to robustly assess the extent of a perfusiony dy
resp
(II)
y lin
y ofially available workstation (syngo Multi Modality
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814orkplace, Siemens). All other post-processing was
one on that same workstation.
The algorithm contains an automated nonrigid
egistration of all individual data volumes of the
erfusion scan to compensate for effects of residual
otion.
Blood flow through each voxel of myocardium
as computed based on the maximum slope of the
AC of this voxel (14).
This computation yielded a 3-dimensional CT
ataset, with the intensity values representing MBF
n cubic centimeters of blood per cubic centimeter
f tissue per minute instead of Hounsfield units.
hese quantitative 3-dimensional color maps of
BF can be analyzed visually or quantitatively, and
an be overlaid onto the anatomical Hounsfield unit
T dataset.
ata evaluation. Two readers, by consensus, read
he single-photon emission computed tomography
SPECT) data according to the 17-segment Amer-
can College of Cardiology (ACC) model (16),
oding the severity of perfusion defects between 0
nd 4 (17).
The rest and stress CT MBF datasets were
egistered by an automatic algorithm to compensate
or motion between the 2 separate scans (syngo 3D
usion, Siemens). From the registered scans, the
ame standard long- and short-axis reformations as
n NMPI were generated. The CT perfusion data
ere read similarly according to the 17-segment
CC model. The two readers, by consensus, estab-
ished which sections of the CT perfusion images
ere normal and which were abnormal, and re-
orded MBF values generated by the above algo-
ithm in rest and stress. A defect was defined as
ecreased blood flow in comparison to surrounding
issue. A defect was deemed to be reversible on
T MPI if its MBF was less than in the normal
egments in the stress image, but was similar to
ormal segments in the rest image. A fixed defect
as one where MBF was less than that of normal
yocardium in the stress image as well as in the
est image. Segment-by-segment comparison of
T MPI versus NMPI studies in the same
atient was performed with statistical analysis.
E S U L T S
atient characteristics. Twenty-one patients with re-
ersible defects and 14 with fixed defects on NMPI
ere included in this study. The mean age was 56
2 years, 30 (86%) were male, 14 (40%) had
revious MI, 20 (57%) had undergone previous Aevascularization (percutaneous coronary interven-
ion/coronary artery bypass grafting). Eight (23%)
ad diabetes, 24 (69%) hypertension, 35 (100%)
yslipidemia, and 8 (23%) were smokers. Thirty
86%) patients also had a coronary angiogram
ithin 3 months of CT MPI.
tress perfusion imaging protocol. All 35 patients
uccessfully completed the dipyridamole-stress CT
yocardial perfusion protocol. There were no ad-
erse patient outcomes or contrast extravasations.
valuation of the images revealed respiratory mo-
ion in the latter part of the scan in 8 patients
22%). The motion correction algorithm success-
ully compensated for all respiratory motion. Heart
ates during stress and rest imaging were
2  16 beats/min and 73  14 beats/min, respec-
ively. The average temporal sampling interval be-
ween adjacent points on the tissue TACs was 2.8 s.
adiation dose for CT MPI was 9.15  1.32 mSv
or the stress scan and 9.09  1.40 mSv for the rest
can, using a conversion factor of 0.014 (18).
adiation dose for the coronary CT angiography
erformed in prospectively ECG-triggered axial
ode was 1.81  0.95 mSv for coverage of the
oronaries only, and 3.86  2.62 mSv for coverage
f coronaries and bypass grafts up to the origin of
he left internal mammal artery (n  6).
T MPI diagnostic accuracy. CT MPI was acquired
n 35 patients. In the first 3 patients, the CT MPI
rotocol was not yet optimized, and TACs were
ncomplete. These studies are excluded from further
nalysis, and we present the findings in 32 patients
ith complete TACs (21 patients with reversible
nd 11 patients with fixed defects as detected in
MPI).
The myocardial perfusion results of 1,088 seg-
ents, or 96 vascular territories, were analyzed (17
egments each in 32 patients, rest and stress perfu-
ion for each patient) on the basis of 1) segmental
nd 2) defect-level evaluation, sensitivity, specific-
ty, positive predictive value (PPV), and NPV for
T MPI in comparison to NMPI were 0.83, 0.78,
.79, 0.82 (Table 1), and 0.94, 0.65, 0.93, 0.69,
espectively. On average, there was a 1.5-fold dif-
erence in MBF in normal segments between stress
1.21  0.31 cc/cc/min) and rest (0.82  0.22
c/cc/min) CT MPI. In reversible defects, MBF
as 0.65 0.21 cc/cc/min at stress and 0.63 0.18
c/cc/min at rest (Fig. 2). In fixed defects, the MBF
as 0.57 0.22 cc/cc/min at stress and 0.54 0.23
c/cc/min at rest (Figs. 3 and 4). CT MPI correctly
dentified all 89 fixed and all 64 reversible defects.
ll fixed defects in CT MPI corroborated with a
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815revious history of MI. CT MPI identified 48
egments as abnormal, which were normal according
o the NMPI. Of these, 43 segments (90%) were
ubtended by a vessel with a severe stenosis on CTA.
or reversible defects, 46 out of 47 defects detected on
T MPI corresponded to a moderate-to-severe lesion
n the subtending vessel on CTA (19). There was only
patient with a reversible defect detected in the left
nterior descending coronary artery territory in both
MPI and CT MPI, without a corresponding lesion
n CTA. For fixed defects, all 39 infarcted territories
n CT MPI corresponded to either a moderate-to-
evere lesion detected on CTA, or to a segment
tented due to infarction in a previous primary percu-
aneous coronary intervention.
T MPI ﬁndings in comparison with invasive angiogra-
hy. Significant stenoses were present in 62 of the
0 territories in the 30 patients who had invasive
oronary angiography (ICA) results. CT correctly
etected 59 perfusion defects corresponding to
hese stenoses, as well as 11 territories without
erfusion defects that showed no significant steno-
is. CT did not show a perfusion defect in 3
erritories that had a significant stenosis in the
ubtending vessel.
Sensitivity, specificity, PPV, and NPV of CT
PI compared with ICA were 0.95, 0.65, 0.78,
Table 1. Diagnostic Accuracy of CT MPI With NMPI as the Refer
Territory Segment TP FP TN
LAD A1 14 2 11
A2 13 3 13
A17 22 2 6
M1 15 2 12
M2 12 2 15
B1 15 6 10
B2 8 8 14
LCx A4 17 1 9
M5 13 4 12
M6 7 3 20
B5 13 2 13
B6 5 3 21
RCA A3 19 4 7
M3 13 1 17
M4 18 3 8
B3 9 10 11
B4 17 4 9
Summary 544 Seg. 230 Seg. 60 Seg. 208 Seg.
Perfusion defects were found in 7 segments in the LAD territory, 5 segments in th
17-segment model.
CT  computed tomography; FN  false negative; FP  false positive; LAD
imaging; NMPI  nuclear myocardial perfusion imaging; NPV  negative pred
Sp  speciﬁcity; TN  true negative; TP  true positive.nd 0.79, respectively. fICA correlation existed for 9 out of 11 territories
here CT MPI and NMPI disagreed. In 7 territo-
ies, ICA confirmed NMPI findings.
I S C U S S I O N
eyﬁndings. Ourkeyfindingswerethat1)vasodilator-
tress CT MPI is feasible in human subjects and that
) CTMPI provides perfusion information compara-
le to dipyridamole nuclear stress imaging, and iden-
ifies areas of abnormal flow reserve and infarction
ith a high degree of correlation to NMPI.
pproaches to perfusion imaging. The term “perfu-
ion imaging” is applied to both static and dynamic
maging. Static arterial phase CT imaging acquires
single contrast phase. Local inhomogeneities in
ontrast distribution during that specific phase are
sed as a surrogate marker of blood flow. Arterial
hase CT has been shown to demonstrate perfusion
efects (9–11). However, it cannot quantitate blood
ow, and difficulty in timing the scan, long duration
f the scan, and inadequate temporal resolution
ake it hard to reproducibly capture the transient
ontrast distribution inhomogeneity. Past clinical
T MPI research has focused on static imaging of
he myocardium because technical limitations have
revented rapid repetitive imaging that is required
Standard for Identifying Perfusion Defects in the LAD, LCx, and
FN Sn Sp PPV
5 0.74 (0.64–0.97) 0.85 (0.39–0.94) 0.88 (0.64–0.97
3 0.81 (0.67–0.99) 0.81 (0.39–0.91) 0.81 (0.58–0.95
2 0.92 (0.54–0.96) 0.75 (0.48–0.93) 0.92 (0.5–0.93)
3 0.83 (0.4–0.97) 0.86 (0.66–0.97) 0.88 (0.35–0.93
3 0.80 (0.5–0.93) 0.88 (0.6–0.98) 0.86 (0.6–0.98)
1 0.94 (0.24–0.91) 0.63 (0.68–0.97) 0.71 (0.24–0.91
2 0.80 (0.49–0.91) 0.64 (0.55–0.98) 0.50 (0.62–0.98
5 0.77 (0.54–0.96) 0.90 (0.54–0.96) 0.94 (0.54–0.96
3 0.81 (0.7–0.99) 0.75 (0.31–0.89) 0.76 (0.61–0.95
2 0.78 (0.55–0.92) 0.87 (0.55–1.00) 0.70 (0.73–1.00
4 0.76 (0.59–0.96) 0.87 (0.57–0.98) 0.87 (0.64–0.99
3 0.63 (0.52–0.96) 0.88 (0.64–0.99) 0.63 (0.57–0.98
2 0.90 (0.66–1.00) 0.64 (0.73–1.00) 0.83 (0.66–1.00
1 0.93 (0.7–1.00) 0.94 (0.35–0.85) 0.93 (0.48–0.89
3 0.86 (0.44–0.97) 0.73 (0.41–0.83) 0.86 (0.25–0.75
2 0.82 (0.48–0.98) 0.52 (0.3–0.74) 0.47 (0.24–0.71
2 0.89 (0.73–0.99) 0.69 (0.35–0.97) 0.81 (0.73–0.99
Seg. 0.83 0.78 0.79
x territory, and 5 segments in the RCA territory. *American College of Cardiology/A
t anterior descending coronary artery; LCx  left circumﬂex coronary artery; MP
e value; PPV  positive predictive value; RCA  right coronary artery; Seg.  seence RCA Territories*
NPV
) 0.69 (0.39–0.94)
) 0.81 (0.48–0.98)
0.75 (0.52–0.96)
) 0.80 (0.71–0.99)
0.83 (0.5–0.93)
) 0.91 (0.68–0.97)
) 0.88 (0.41–0.89)
) 0.64 (0.54–0.96)
) 0.80 (0.4–0.97)
) 0.91 (0.35–0.87)
) 0.76 (0.52–0.96)
) 0.88 (0.59–0.96)
) 0.78 (0.73–1.00)
) 0.94 (0.59–1.00)
) 0.73 (0.62–0.98)
) 0.85 (0.55–0.98)
) 0.82 (0.35–0.97)
46 0.82
e LC merican Heart Association
 lef I  myocardial perfusion
ictiv gments; Sn  sensitivity;or dynamic perfusion imaging (10,20,21).
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816Dynamic perfusion imaging refers to repeated
maging of the tissue of interest to capture the
nflow and washout of contrast agent. Analytical
valuation of the TACs for each voxel of the
maged volume by dedicated algorithms yields
lood flow parameters (22,23). Dynamic perfusion
maging requires a high enough temporal resolution
o image at stress heart rates and sufficient detector
overage to image the entire myocardium in rapid
uccession. The combination of these 2 key capa-
ilities became available only recently with the
ntroduction of a large coverage dual-source CT
canner (24).
linical feasibility of the CT perfusion protocol. The
tress protocol used for CT MPI was modeled after
he dipyridamole-stress NMPI protocol (25). The
ntire CT perfusion imaging protocol could be
ompleted in 40 min. Patients needed to be able to
ooperate with breath-hold instructions for up to
0 s, though use of motion-correction software
itigated the effects of breathing on image
valuation.
End systolic triggering was chosen because at
Figure 2. Reversible Defect in CT MPI and NMPI and ICA Findin
Nuclear myocardial perfusion imaging (NMPI) (middle panels) dem
ing coronary artery (LAD) territory in the mid-ventricle, associated w
during stress, the defect (SD), involving the anterior wall and septu
whereas the normal tissue (SN), i.e., the inferior wall and lateral wal
and has an MBF similar to that of the normal myocardium at rest (R
of this area of myocardium is 0.90 cc/cc/min and 0.81 cc/cc/min at
at stress even below its MBF at rest demonstrates horizontal myoca
patible with the angiographic ﬁndings (rightmost panels) of severe
and the presence of collaterals from the left circumﬂex coronary ar
defect in the LCx territory in both CT MPI and NMPI suggests that t
Abbreviations as in Figure 1.he stress heart rates (26), quality of cardiac CT is tqual or better (27) at end-systole and the myo-
ardium is thicker, providing a more robust basis
or evaluation (9).
adiation dose. The radiation dose of 9 mSv for
ach of the rest and stress CT MPI scans is
omparable to the mean radiation dose for single-
ay technetium stress-rest NMPI of 15 mSv (28).
ossible means of reducing dose might include a
eduction of tube current. It remains to be evaluated
ow the resulting increase in image noise would
mpact CT MPI results.
dentiﬁcation of perfusion defects. On average, MBF
n normal segments varied by a factor of 1.5
etween stress and rest images. This ratio is termed
he myocardial blood flow reserve (MBFR). For
oth fixed and reversible defects, the MBFR was
.08 (Figs. 4A and 4B). In fixed defects, the flow
as lower than in normal tissue, both at rest and
tress (Fig. 3). In reversible defects, at stress, the
ow was lower than that in normal tissue, and at
est, flow in defect and normal tissue were of the
ame magnitude (Fig. 2).
ifferentiating ﬁxed from reversible defects. In order
rates a large reversible defect involving the left anterior descend-
post-stress dilation. CT MPI (left panels) shows the same ﬁndings:
as a myocardial blood ﬂow (MBF) of 0.57 cc/cc/min (blue),
s an MBF of 1.09 cc/cc/min (red). At rest, the defect (RD) resolves,
0.82 cc/cc/min and 0.81 cc/cc/min (yellow-green). The mean MBF
ss and rest, respectively. The reduction of MBF in the defect area
l steal occurring during vasodilator stress. These ﬁndings are com-
mplete occlusion of the proximal LAD (top row, white arrow),
(LCx) and right coronary artery (RCA). The absence of a perfusion
is ﬂow reserve despite the presence of stenosis in the LCx.gs
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817etected during stress is reversible or fixed, it is
ecessary to compare its MBF to the flow in
ealthy myocardium at rest. If the defect is also
resent at rest, i.e., its MBF is less than that of
ormal tissue at rest, it is considered a fixed
efect. If the defect resolves at rest, i.e., has the
ame MBF as normal tissue, it is considered revers-
Figure 3. Fixed Defect in CT MPI and NMPI and ICA Findings
Demonstration of a ﬁxed defect involving the anterior wall and sep
left anterior descending artery in the invasive angiography study. T
in both the rest and stress images (0.54 cc/cc/min and 0.56 cc/cc/m
rior wall in the stress and rest images were 1.10 cc/cc/min (red) an
myocardial blood ﬂow during stress in myocardium supplied by LC
Abbreviations as in Figures 1 and 2.
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BF values in normal myocardium (29), there are
o universal norms for MBF at rest. This indicates
need to perform both stress and rest scans in each
atient.
Figure 4B illustrates the interindividual variation
f MBF we found. An alternative approach to
on CT MPI and NMPI and the corresponding occluded proximal
nfarcted area shows a severely reduced MBF of similar magnitude
espectively, displayed in blue). MBF of the lateral wall and infe-
0 cc/cc/min (green) respectively. This demonstrates increased
d RCA, but no increase in myocardium supplied by the LAD.
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818ssessing the defect at rest might be to replace the
ynamic rest CT MPI scan with a static first-pass
nhancement scan to detect or exclude infarction.
his could lower the radiation dose of CT MPI
onsiderably. The feasibility of obtaining data on
everity and extent of a perfusion defect that would
llow meaningful comparison to flow values at
tress needs to be explored in further studies.
ange of MBF values in literature. There is a large
nterindividual range of MBF values in normal
yocardium during vasodilator-stress adminis-
ration (approximately 2.5 cc/cc/min to 5.0 cc/cc/
in) (30,31), and between different modalities
positron emission tomography, cardiac magnetic
esonance, dynamic SPECT, and CT [32–35]).
he 1.5-fold difference in MBF between stress
nd rest in our study is at the lower end of the
ange described in the literature (36,37). It has
een previously documented that coronary flow
eserve (CFR) and stress MBF in angiographi-
ally normal regions of patients with CAD are
ower than in normal subjects (38,39). Our entire
opulation has documented CAD (either MI or
oronary ischemia), and our findings are consis-
ent with this phenomenon. A reason for varying
BF values obtained from different imaging
odalities might lie in different uptake kinetics
f contrast agents and tracers used (40). Whether
ormalization of MBF values between CT MPI
nd other modalities is possible remains the
ubject of further research.
iagnostic utility of CT MPI. CT MPI findings cor-
oborated well with NMPI findings in the same
erritories (Figs. 1 and 2). The fairly high sensitivity
nd specificity values encourage further investiga-
ion as to which patients and which clinical scenar-
os will benefit most from CT MPI. The high
PVs suggest that patients undergoing CT MPI
ill be unlikely to have abnormalities if coronary
ow measurements are within normal range. This is
elevant to the clinical scenarios of ruling out
bnormal flow reserve (excluding hemodynamically
ignificant CAD).
linical implications. This study demonstrates that
T vasodilator-stress perfusion imaging is clinically
easible, can be performed at a radiation dose
omparable to NMPI, and has good correlation
ith reversible and fixed defects detected with
MPI. The criteria for inclusion of patients into
his study included an abnormal dipyridamole-
tress nuclear stress test. All patients were alreadytudy allowed a true comparison as to the correla-
ion between CT MPI and NMPI in this group.
his is important given the widespread use of
MPI for the evaluation of patients with CAD and
he likelihood that many cardiologists will use
MPI results as the reference standard in the
valuation of any new technique for stress imaging.
owever, it is also clear that many aspects of CT
PI will require further research before the tech-
ique will be utilized in clinical routine. These
nclude the reduction of radiation dose, potential
mprovement of contrast injection protocols, and
he development and validation of quantitation
echniques for defect size and severity.
tudy limitations. This is a single-center study, and
lthough the results are encouraging, the protocol
nd experiences need to be verified in more patients.
The study did not use adenosine or regadenoson,
hich are more widely utilized in North America as
asodilator-stress agents. Both are significantly
ore expensive than generic dipyridamole. Nuclear
iterature and guidelines, however, indicate that
ipyridamole is equivalent to the other 2 agents in
he detection of abnormal flow reserve.
The study did not compare CT MBF values to a
eference standard of absolute MBF from positron
mission tomography or cardiac magnetic reso-
ance.
Each study required a total fluid volume infusion
contrast and saline) of close to 500 cc within an
our. The safety of infusing this volume must be
valuated carefully in patients with impaired renal
unction or left ventricular ejection fraction.
O N C L U S I O N S
asodilator-stress CT MPI is feasible in human
ubjects at a reasonable radiation dose. It provides
erfusion information comparable to dipyridamole
uclear stress imaging and identifies areas of abnor-
al flow reserve and infarction with a high degree
f correlation to NMPI. The ability to obtain
ccurate perfusion information, in addition to mor-
hologic information from CT coronary angiogra-
hy imaging, has significant implications in the
iagnosis and treatment of patients with CAD.
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